The soil and water Gram-negative bacillus, Burkholderia pseudomallei, is the etiological agent of melioidosis, a potentially life-threatening infectious tropical disease. 1 Melioidosis is highly endemic in northern Australia and northeast Thailand, with increasing recognition outside these traditional regions. 2, 3 Melioidosis has a high mortality rate; 14% in Australia 2 and up to 40% in Thailand, where it is the largest cause of infectious disease death after human immunodeficiency virus and tuberculosis. 4 B. pseudomallei is classified as a Tier 1 select agent in the United States because it is intrinsically resistant to many antibiotics, there is no vaccine and aerosolization has potentially high lethality.
Burkholderia pseudomallei is one of an increasing number of bacterial species known to show robust biogeographic structure. In particular, there is a clear and robust phylogenetic division between Australian and southeast Asian strains, [5] [6] [7] with almost no overlap between the environmental strains found in Australia and those in southeast Asia. An apparent exception was the presence of two multilocus sequence typing (MLST) sequence types (STs) common to both Australian and Cambodian B. pseudomallei strains (ST-105 and ST-849). However, for both these STs, isolates from Australia and Cambodia were found to be widely divergent at the whole-genome level, indicating that they were unrelated and the MLST identity represented homoplasy. 8 Within Australia, some genetic population structure among different locations has been detected. In particular, there are no shared environmental STs between the Northern Territory and Queensland. 9, 10 Confirmation of population structure at increasingly fine scales suggests that the bacterium has limited dispersal ability. Limited dispersal is unexpected, because the species can be carried by agricultural animals and is relatively resistant to environmental stress. 1 Its ability to cause infection when inhaled makes it plausible that B. pseudomallei could be dispersed in severe weather events such as cyclones. This bacterium is also able to move in the water table 11 and presumably to track along waterways, to be transported in soil used for gardening, building and farming, and to live in the aerial parts of grasses. 12 In addition, B. pseudomallei has been isolated from the beak of a healthy bird, suggesting another possible mode of longdistance dissemination. 13 B. pseudomallei can also seed new endemic areas and cause long-term contamination of soil and water outside of the tropics. 14, 15 Taken together, these findings suggest that this organism has many opportunities to disperse widely. However, an important factor likely to limit dispersal is the sensitivity of B. pseudomallei to ultraviolet radiation, 16 which has been exploited to eradicate the bacteria from unchlorinated bore water supplies. 17 The Northern Territory of Australia, with an area of 1,346,200 km 2 , lies between latitudes 11 and 26°S. The most northerly tropical region of the Northern Territory, known as the "Top End," is subject to monsoonal weather patterns. In contrast, the southerly and western regions are characterized by hot semi-arid and arid deserts. The Northern Territory has a population of approximately 245,000 people and has been sparsely occupied throughout its history from first settlement over 40,000 years ago, and since European settlement in the early nineteenth century. Just over half the current population is concentrated in the Northern Territory's capital city, Darwin (12°S), on the northern coastline. Most of the remainder of the population is settled in smaller towns and remote indigenous communities throughout the Territory and on its northern offshore islands. Although melioidosis is highly endemic in the tropical Top End, sporadic cases are occasionally seen in the normally arid Central Australia, south of latitude 20°S, such as occurred following unusually heavy rain in 2011. 18 Herein we report the geographical distribution of B. pseudomallei STs within the Northern Territory. We use data from over 3,000 environmental strains collected since 1991 at the Menzies School of Health Research in Darwin, Australia. We have mapped the geographical distribution of the most common B. pseudomallei STs in environmental samples in the Northern Territory; specifically, those that have been found in 10 or more unique environmental samples. We also report the complete list of environmental, animal, and human clinical B. pseudomallei STs recorded in our sampling efforts across the Northern Territory, up until January 28, 2015. The earliest clinical sample in our data set is from 1980, with all other clinical samples collected prospectively from melioidosis cases since the commencement of the Darwin Prospective Melioidosis Study on October 1, 1989.
Our environmental samples are taken mostly from soil or water, and include both disturbed urban sites such as near housing or building sites and undisturbed sites. Environmental sampling in the Northern Territory is logistically challenging due to the long travel distances between population centers, the large number of unsealed roads, the lack of road access to most locations, and extreme isolation outside of the few major towns and cities. These difficulties are reflected by the concentration of samples in Darwin and its surrounding areas (Figure 1 ). Our most southerly B. pseudomalleipositive environmental samples were found in a water hole south of Tennant Creek, at a remote location at latitude 21°S. Although sporadic clinical cases of melioidosis have occurred further south than this location, 18 we have not recovered B. pseudomallei from environmental samples south of 21°S in the Northern Territory.
Phylogenetic analysis shows that Australian B. pseudomallei strains are ancestral to Southeast Asian strains. 6 Accordingly, our results demonstrate the considerable diversity of B. pseudomallei in the Northern Territory (Table 1 ). In total, 379 different MLST STs have been documented from the Northern Territory among all the environmental, animal, and clinical samples from the past 35 years of sampling that have been subjected to MLST.
The most commonly recovered STs from environmental sampling in the Northern Territory are listed in Table 1 and are marked with an asterisk (*). Each of these STs has been recovered from at least 10 different environmental samples. All eight of these common environmental STs have also been recovered from either human or animal samples, indicating that all are capable of causing disease ( Figure 2 ). All eight of the common STs except for ST-325 have been found in soil, with all but ST-36 and ST-144 also found in bore water (groundwater pumped from artesian aquifers), a water source commonly used for household supply in rural areas outside of Darwin. None of these eight STs has been identified in environmental samples outside the Northern Territory.
None of the eight commonest Darwin region STs were single-locus or double-locus variants of each other according to eBURST analysis (http://bpseudomallei.mlst.net). This finding is consistent with an ancient origin for B. pseudomallei in this region, rather than recent divergence from one or more common ancestor(s). 6 ST-109 is the most frequently identified B. pseudomallei ST in environmental samples from the Northern Territory, and is also the most widely dispersed. ST-109 has been found in environmental samples from Darwin south to Livingstone, over a maximum linear distance of approximately 45 km (Figure 3) . It is also the most common ST recovered from clinical samples over the past 26 years. ST-326 is found over a similar distance but is recovered much less frequently. Some STs show restricted distributions, and in particular are absent from the Darwin urban region, despite being among the most common STs. For example, ST-320 and ST-132 are only found in the rural regions of greater Darwin and further south, whereas ST-109, ST-36, ST-144, and ST-326 all occur in Darwin city proper. ST-266 and ST-325 have the most restricted distributions, having only been found in Humpty Doo, south of Darwin. The rate of new STs being recovered in Darwin and surrounds in response to increased sampling effort is levelling off, suggesting that only a limited number of environmental strains are yet to be discovered in this specific region. 10 Melioidosis also occurs in remote indigenous communities on the offshore islands of the Top End, but none of our most common STs have yet been found in environmental strains from any of these islands.
We provide the first description of the frequency and distribution of B. pseudomallei strains in the environment in the Northern Territory, which in the heavy 2009-2010 monsoonal wet season had the highest yet recorded incidence of Table 1 for the unlisted isolates found only in human, animal or environmental samples. melioidosis (50.2 cases per 100 000 population). 20 Our study is based on a comprehensive data set of B. pseudomallei strains available for the region, representing 35 years of sampling data from environmental, animal and human clinical sources. We show that the abundance of B. pseudomallei varies among different STs, but geographic distributions are restricted, suggesting limited dispersal of the organism within the Australian environment. However, we note the limitations within our data set and that our findings may not directly apply to the situation of B. pseudomallei dispersal in southeast Asia. Furthermore, despite over two decades of sampling, much of the Northern Territory remains unsampled. More intensive sampling efforts in these remote areas will be important for our understanding of B. pseudomallei ecology, and particularly the ability of the organism to disperse within the environment by anthropogenic or natural means. More comprehensive distribution data would also provide a better foundation for determining whether particular STs are more transmissible and/or virulent than others, or are better able to flourish in crucial infrastructure such as water supplies. These data would also provide an improved basis for epidemiological tracking of strain source, such as in the case of deliberate release of an Australian B. pseudomallei strain.
